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Summary
The effect of green leaf volatiles (GLVs; cis-3-hex-
enol and trans-2-hexenal) on the resveratrol production 
stimulated and nonstimulated by ultraviolet C (UV-C) 
irradiation was elucidated in the leaf discs of ‘Delaware’ 
grapes. Each GLV treatment slightly reduced resvera-
trol levels in the leaf discs. Pretreatment with cis-3-hex-
enol inhibited the resveratrol accumulation stimulated 
by UV-C irradiation irrespective of the concentration. 
On the other hand, pretreatment with trans-2-hexenal 
at low concentration augmented the levels of resvera-
trol increased by UV-C irradiation. These results sug-
gest that trans-2-hexenal had a priming effect on the 
resveratrol accumulation stimulated by UV-C irradia-
tion in grape leaf discs. The highest priming effect of 
trans-2-hexenal was found at 2.58 µM for 24 h expo-
sure. Exposure times, from 2 to 24 h, of 4.3 µM trans-2-
hexenal did not change the priming effect.
K e y  w o r d s :  green leaf volatiles, grape leaf discs, res-
veratrol, trans-2-hexenal, UV irradiation.
Introduction
Green leaf volatiles (GLVs), including C6-aldehydes 
and their alcohols or esters, are found in most terrestrial 
plants (HATANAKA 1993). GLVs are synthesized first as 
the aldehyde (cis-3-hexenal) from C18 fatty acids by the 
lipoxygenase pathway and can be converted into the iso-
mer (trans-2-hexenal). The corresponding alcohols (cis-3-
hexenol) and esters are produced through subsequent catal-
ysis of the aldehyde by alcohol dehydrogenase, acetylation 
or isomerization. GLV synthesis is specifically stimulated 
by wounding, herbivore damage and microbial attacks 
(ARIMURA et al. 2009, CROFT et al. 1993). GLVs are also 
synthesized after exposure to ozone, high temperature and 
high light (BEAUCHAMP et al. 2005, LORETO et al. 2006).
GLVs are physiologically important molecules that 
mediate the plant defense system. They have bactericidal 
and fungicidal effects against Escherichia coli, Staphylo-
coccus aureus, Salmonella enteritidis and Botrytis cinerea 
(KISHIMOTO et al. 2008, NAKAMURA and HATANAKA 2002). 
GLVs induced by herbivore damage are involved in intra- 
and interplant signaling, in which GLVs attract predators 
or parasites of herbivorous insects (ARIMURA et al. 2009). 
The expression of defense-related genes induced by GLVs 
has been reported in Arabidopsis (KISHIMOTO et al. 2005) 
and Citrus (GOMI et al. 2003). Direct and indirect (GLV 
treatment followed by elicitor treatment) stimulative ef-
fects of GLVs on the production of jasmonic acid and ses-
quiterpenes, which are defense-related compounds, have 
been observed in corn seedlings (ENGELBERTH et al. 2004). 
In addition, phytoalexin accumulation has been induced by 
cis-3-hexenal and/or trans-2-hexenal exposure in artificial-
ly wounded cotton balls (ZERINGUE 1992) and intact leaves 
of Arabidopsis (KISHIMOTO et al. 2006).
The grape phytoalexin is resveratrol (3,5,4′-trihy-
droxystilbene), and its accumulation is induced not only 
by pathogen infection but also by abiotic stresses such as 
ultraviolet (UV) irradiation, wounding, ozone exposure 
and lime stress (BAVARESCO and FREGONI 2001, BAVARESCO 
et al. 2005, SHIOZAKI et al. 2013). GLVs have been identi-
fied and quantified in grape berries of Vitis vinifera (FAN 
et al. 2010, KALUA and BOSS 2009) and processed prod-
ucts such as juice and wine (FISCHER et al. 2000, IYER et al. 
2010). However, we have no useful information regarding 
the effects of GLVs on resveratrol accumulation in grapes.
In the present study, we examined the direct and indi-
rect effects of cis-3-hexenol and trans-2-hexenal on resver-
atrol accumulation in the leaf discs of ‘Delaware’ grapes. 
UV-C irradiation was used as an elicitor to elucidate their 
indirect effects. We discovered an indirect effect, namely a 
priming effect, of trans-2-hexenal on the resveratrol accu-
mulation stimulated by UV-C irradiation in the leaf discs.
Material and Methods
G LV  a n d  U V- C  t r e a t m e n t s :  Mature leaves 
of ‘Delaware’ grapes, which were grown in a research 
field at Osaka Prefecture University, were sampled from 
the first to fifth nodes (counting up from the first bearing 
nodes) at the end of July 2010. Twelve leaf discs (Ø 20 
mm) were prepared from one leaf sample with a cork borer 
and placed on wetted filter paper in six Petri dishes (one 
to two discs per dish from the one leaf) with the abaxial 
side upward. Sixty leaf discs (six dishes) were exposed to 
GLVs. cis-3-Hexenol (MW: 100.16, sg: 0.848 g∙mL-1) and 
trans-2-hexenal (MW: 98.14, sg: 0.846 g∙mL-1) were used 
as the GLVs (Fig. 1). GLVs were applied to three filter pa-
pers (4 cm square) that were adhered with Vaseline to the 
inside of the lid of a tightly closed container after being 
diluted with dimethyl sulfoxide (DMSO). Each GLV was 
applied at a volume of 0, 0.5, 1.5 and 4.5 µL∙L-1 to the 
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container, which corresponded to 0, 4.2, 12.7 and 38.1 µM, 
respectively, in the gas phase for cis-3-hexenol, and 0, 4.3, 
12.9 and 38.8 µM, respectively, for trans-2-hexenal. For 
controls, DMSO only was applied to the filter paper. The 
leaf discs were exposed to GLVs in the dark at 25 °C for 
24 h. The leaf discs on three of the six dishes were irradiat-
ed with UV-C (0.42 mW/cm2) for 5 min and the rest of the 
samples were not irradiated. The leaf discs in the control, 
GLV exposure and GLV + UV-C treatments were frozen 
with liquid nitrogen after being kept at room temperature 
for 24 h.
The effect of trans-2-hexenal pretreatment on the res-
veratrol accumulation in ‘Delaware’ leaf discs was further 
confirmed by using the leaf discs prepared at the end of 
May 2011. A comparison of the concentration and expo-
sure time was conducted with ‘Delaware’ leaf discs pre-
pared at the beginning of June 2011. The trans-2-hexenal 
effect for 24 h exposure was compared for concentrations 
of 0.86, 2.58, 4.30, 6.03 and 8.62 µM. The effect of 4.3 µM 
trans-2-hexenal was compared for exposure times of 2, 6, 
12 and 24 h.
t r a n s - r e s v e r a t r o l  a n a l y s i s :  trans-Res-
veratrol was extracted from the leaf discs in the present 
study by boiling them in distilled water. A significant linear 
positive correlation was observed between the concentra-
tion of resveratrol from the boiling extraction and the com-
mon method (extraction by MeOH and purification with 
column chromatography [SHIOZAKI et al. 2013]) (P < 0.05, 
R2 = 0.96).
Frozen leaf samples were ground to a fine powder in 
liquid nitrogen with a mortar and pestle. A 0.3 g sample 
of leaf powder was boiled in 50 mL of distilled water for 
30 min. After cooling in air, the sample was filtered and 
adjusted to 50 mL with distilled water. The sample was 
partitioned against an equal volume of hexane to remove 
lipids and chlorophyll, and the pH of the aqueous sample 
was adjusted to 8.0-8.5 with 0.1 N NaOH. trans-Resvera-
trol in the aqueous sample was extracted three times us-
ing an ethyl acetate equivalent to the water phase volume. 
The combined ethyl acetate extract was reduced to dryness 
in vacuo. The dry samples containing trans-resveratrol 
were redissolved in 1 mL ethyl acetate and centrifuged at 
1,800 g for 5 min. Twenty microliters of the supernatant 
was then analyzed by HPLC equipped with a PDA detector 
(SPD-M20A, Shimadzu, Kyoto, Japan). trans-resveratrol 
in the sample was quantified at a wavelength of 306 nm 
and identified by comparing the photoabsorption spectrum 
from 200 to 400 nm with that of standard trans-resveratrol 
(Sigma-Aldrich Japan, Tokyo, Japan). 
S t a t i s t i c a l  a n a l y s i s :  The data were analyzed 
by analysis of variance and means were compared by 
Fisher’s PLSD test, with significance set at P < 0.05, with 
StatView 5.0 (SAS Institute Inc.). 
Results and Discussion
In the experiment conducted in 2010, trans-resveratrol 
levels in the leaf discs of the control, in which neither GLV 
exposure nor UV-C irradiation treatments were used, was 
3.1-3.3 µg∙gfw (Fig. 2). UV-C irradiation increased the res-
veratrol levels by 4-6 times that of the control. cis-3-Hex-
enol significantly reduced the resveratrol levels 24 h after 
its exposure alone and significantly inhibited the accumu-
lation of resveratrol induced by UV-C irradiation irrespec-
Fig.  1:  Green leaf volatile compounds used in this study.
Fig.  2:  Effects of cis-3-hexenol (left) and trans-2-hexenal (right) on resveratrol accumulation in leaf discs of ‘Delaware’ grapes 
(2010). Different letters indicate significant differences between GLV concentration within each UV treatment at P < 0.05 (Fisher’s 
PLSD test).
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tive of the concentration. trans-2-Hexenal exposure alone 
at its highest concentration (38.8 µM) significantly reduced 
the resveratrol levels. The resveratrol level in the leaf discs 
pretreated with trans-2-hexenal at 12.9 µM was similar to 
that in the UV-C irradiation treatment alone. Pretreatment 
with trans-2-hexenal at 38.8 µM completely nullified the 
effect of UV-C on resveratrol accumulation. Surprisingly, 
pretreatment with trans-2-hexenal at 4.3 µM made the leaf 
discs sensitive to the resveratrol accumulation induced by 
UV-C; the resveratrol level was about 1.4 times higher 
than that of leaf discs treated with UV-C alone. Results of 
the trans-2-hexenal pretreatment were also confirmed by 
the experiment conducted in 2011 (Fig. 3). The trans-res-
veratrol level in the UV-C irradiation alone treatment was 
53.5 µg/gfw, whereas pretreatment of 4.3 µM trans-2-hex-
enal augmented the level by 118.3 µg/gfw. The resveratrol 
levels of the leaf discs after trans-2-hexenal treatment and 
UV-C irradiation were higher in the experiment of 2011, in 
which the leaf materials were collected at the end of May, 
than that in the experiment of 2010, in which the materials 
were collected at the end of July. Pool et al. (1981) report-
ed that younger and older leaves of Vitis rupestris and V. 
riparia showed less resveratrol productivity than the mid-
age leaves.  The leaves used in 2011 were probably the age 
that is higher in resveratrol productivity than that in 2010.
A comparison of the concentration of trans-2-hexenal 
These results clearly demonstrate that trans-2-hexenal, but 
not cis-3-hexenol, primes UV-C-induced resveratrol ac-
cumulation in grape leaf discs at the restricted concentra-
tion of 2.58–4.3 µM, although trans-2-hexenal alone did 
not affect resveratrol accumulation. Effects of this GLV 
seem to be peculiar to phytoalexin production in grape leaf 
discs. trans-2-Hexenal has been shown to directly induce 
phytoalexin accumulation in artificially wounded cotton 
balls (ZERINGUE 1992) and in intact leaves of Arabidopsis 
(KISHIMOTO et al. 2006). Priming (elicitors: wounding and 
crude regurgitant) as well as elicitor (the direct effect on 
Fig. 3: Effect of pretreatment with trans-2-hexenal on subsequent 
UV-C-induced resveratrol accumulation in leaf discs of ‘Dela-
ware’ grapes (2011). Different letters indicate significant differ-
ences at P < 0.05 (Fisher’s PLSD test).
pretreated for 24 h showed that 2.58 µM of trans-2-hex-
enal was most effective (Fig. 4). There were no significant 
differences in the resveratrol levels between 2, 6, 12 and 
24 h pretreatment time (Fig. 5). These results indicate that 
the effective concentration of trans-2-hexenal ranges from 
2.58 to 4.3 µM and that the pretreatment effect of trans-2-
hexenal upon resveratrol accumulation in our experimen-
tal conditions could be observed after exposure for 2 h. 
Fig. 4:  Comparison of the concentration of trans-2-hexenal on 
subsequent UV-C-induced resveratrol accumulation in leaf discs 
of ‘Delaware’ grapes (2011). Different letters indicate significant 
differences at P < 0.05 (Fisher’s PLSD test). 
Fig. 5:  Comparison of the exposure time of trans-2-hexenal on 
subsequent UV-C-induced resveratrol accumulation in leaf discs 
of ‘Delaware’ grapes (2011). Vertical bar indicates least signifi-
cant difference at P < 0.05.
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the intact materials) effects of GLVs have been observed in 
the production of jasmonic acid and sesquiterpenes, which 
are defense-related compounds acting against herbivores 
and pathogens in corn seedlings (ENGELBERTH et al. 2004). 
In this corn experiment, cis-3-hexenol was also effective 
on the accumulation of jasmonic acid and sesquiterpenes. 
According to the molecular structure, trans-2-hexenal has 
a higher chemical reactivity than cis-3-hexenol because 
trans-2-hexenal is a reactive electrophilic species with an 
α,β-unsaturated carbonyl moiety. However, the effects of 
cis-3-hexenol and trans-2-hexenal seem to depend on the 
plant species. The effect of cis-3-hexenol on the induction 
of defense gene expression was comparable with that of 
trans-2-hexenal in Arabidopsis (KISHIMOTO et al. 2005). 
On the other hand, in Citrus, fewer defense genes were in-
duced by cis-3-hexenol compared with those induced by 
trans-2-hexenal (GOMI et al. 2003).
When we discuss the effect of trans-2-hexenal on res-
veratrol accumulation, it is necessary to consider the influ-
ence of wounding carefully. This is because the edges of 
leaf discs can be regarded as wounded leaves. Wounding 
can stimulate not only GLV emissions but also phytoalexin 
accumulation in a wide range of plants (ARIMURA et al. 
2009, DE BRUXELLES and ROBERTS 2001).
The major volatile released upon mechanical wound-
ing of Arabidopsis leaves was GLV ester (cis-3-hexenyl 
acetate), although the volatile first emitted was the alde-
hyde; emission of cis-3-hexenal reached a peak 30-45 s 
after damage and decreased at steady levels approximately 
8 min later (D’AURIA et al. 2007). In Zea mays, GLV es-
ter (cis-3-hexenyl acetate) was reported to be ineffective 
in triggering defense responses (FARAG et al. 2005). In the 
present study, GLVs induced by damage in the preparation 
of leaf discs might be ineffective analogues for resveratrol 
accumulation. Further, GLV emission levels with respect 
to concentration and duration might not be sufficient to ex-
plain the effects noted in this study.
In a previous study, grape skins were found to accu-
mulate resveratrol after being wounded with a needle, al-
though the resveratrol levels induced by such wounds were 
significantly lower than those in the skins subsequently 
infected by Botrytis cinerea (BAVARESCO et al. 1997). Res-
veratrol accumulation induced by wounding was at a level 
of one-hundredth of that induced by UV irradiation in pea-
nut leaves, which produce resveratrol as the phytoalexin, 
as do grapes (CHUNG et al. 2003). In the present study, 
we detected about 3 µg/gfw resveratrol in the control leaf 
discs 48 h after preparation (Fig. 2). However, resveratrol 
could not be measured in leaf discs of ‘Cabernet Sauvi-
gnon’ grapes just after preparation, but reached levels of 
1-8 µg/gfw after infection with Plasmopara viticola (VAN 
ZELLER DE MACEDO BASTO GONÇALVES et al. 2011). In our 
experimental condition, there was a possibility that the res-
veratrol accumulation was already stimulated by wounding 
in the preparation of the leaf discs. However, the elicitor 
effect on resveratrol accumulation was probably consid-
erably lower than that caused by pathogen infection and 
UV-C irradiation mentioned in the above experiments with 
grape skins and peanut plants. ZERINGUE (1992) stated that 
wounding can induce phytoalexin production and is neces-
sary for trans-2-hexenal to function as an active elicitor for 
phytoalexin production in cotton plants. However, trans-
2-hexenal exposure alone lacked the stimulative effect on 
resveratrol accumulation in spite of the preliminary stimu-
lation of resveratrol synthesis by wounding. This suggests 
that trans-2-hexenal has no direct effect on the resveratrol 
synthesis pathway in grape leaves. trans-2-Hexenal might 
prepare grape leaves, by an as yet unknown mechanism, to 
respond sensitively to subsequent intense elicitors.  
This study provides basic information about the ef-
fects of green leaf volatiles on resveratrol accumulation in 
grapes by using leaf discs. Priming effect of trans-2-hex-
enal on resveratrol accumulation should be corroborated 
by further investigation with intact leaves that can exclude 
the influence of wounding.  In addition, the elucidation of 
the effect of green leaf volatiles not only in leaves but also 
in other organs such as berries, in which the skins have 
heigh resveratrol productivity, seems necessary to fully 
understand the effect of green leaf volatiles on resveratrol 
accumulation in grapes.
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